Objective-In response to changes in wall shear stress (WSS) the vascular endothelium releases several factors, among others nitric oxide. On the basis of studies of endothelial cells in culture, suggesting that platelet endothelial cell adhesion molecule-1 (PECAM-1) is specifically involved in sensing and coupling high temporal gradients of fluid shear stress with activation of eNOS, we hypothesized that dilations of isolated skeletal muscle arterioles from PECAM-1 knockout mice (PECAM-KO) will be reduced to rapid increases in WSS elicited by increases in perfusate flow. Methods and Results-Small and large step increases in flow resulted in substantial dilations in arterioles of WT mice (45Ϯ4%), but they were markedly reduced in arterioles of PECAM-KO mice (22Ϯ5%). The initial slope of dilations, when WSS increased rapidly, was greater in vessels of WT than those of PECAM-KO mice (slopes: 0.378 and 0.094, respectively), whereas the second phase of dilations, when flow/shear stress was steady, was similar in the 2 groups (slopes: 0.085 and 0.094, respectively). Inhibition of eNOS significantly reduced the initial phase of dilations in arterioles from WT, but not from those of PECAM-KO mice. The calcium ionophore A23187 elicited similar NO-mediated dilation in both WT and PECAM-KO mice.
T he vascular endothelium is uniquely situated to act as the signal transduction interface between hemodynamic forces and the underlying vascular smooth muscle. Increases in shear stress have long been shown to result in vasodilatation mediated, in part, by the endothelium-dependent release of nitric oxide (NO). [1] [2] [3] [4] [5] Since endothelium-derived NO was first identified and characterized, fluid shear stress has been established as the most potent stimulus that regulates the activity of endothelial NO synthase (eNOS). 6 We have shown previously that stepwise increases in perfusate flow, via increases in wall shear stress, elicit substantial dilations of isolated arterioles. [3] [4] [5] Recent in vitro studies in cultured endothelial cells showed that the sudden onset of fluid flow induces a burst of NO production, which seemed to be related more to the magnitude of temporal gradient of shear stress than to its absolute value, 6, 7 suggesting that the vascular endothelium is able to discriminate between temporal gradients of shear stress as also proposed by others. 7a The molecular basis of shear stress-induced mechanochemical signal transduction, and the endothelium's ability to discriminate between high temporal gradients and steady values of shear stress, remains largely unclear, and has not yet been demonstrated in intact vessels. Given that shear stress does not involve a traditional receptor-ligand interaction, identification of the molecule(s) responsible for sensing shear stress and converting it into dilation has been problematic. It has been suggested that the lipid bilayer itself may act as a flow sensing receptor. 8, 9 Fluid shear stress is a frictional force that acts on the apical surface of the endothelial cell layer and induces tensile stress across the endothelial cell membrane, which in turn resists the imposed shear stress with tension. Analysis of shear stress distribution in the endothelial cell membrane shows that tension is greatest within the cell-cell junctions. 10 When an endothelial monolayer is exposed to increasing levels of fluid shear stress, cell-cell junctionassociated proteins have been shown to undergo a corresponding reorganization, whereas the integrity of the endothelial monolayer remains unaffected. 11 A number of membrane associated proteins, such as platelet endothelial cell adhesion molecule-1 (PECAM-1), are specifically localized to cell-cell junctions. In cultured endothelial cells, PECAM-1 is diffusely distributed in the plasma membrane of solitary cells, but once a cell-cell contact is made, it accumulates at the contact site. In endothelial cells forming a confluent monolayer, it is exclusively localized along the cell-cell border. 12 When confluent endothelial cells are exposed to physiological levels of fluid shear stress, PECAM-1 has been shown to be tyrosine-phosphorylated. 13 Recent in vitro studies from our laboratory and those from other groups have demonstrated that eNOS is complexed with PECAM-1 at the cell-cell junctions, and thus it is likely to be involved in the modulation of eNOS activity. 14, 15 Yet, it is not known whether or not PECAM-1 is involved in the discrimination of various patterns of shear stress and leads to sufficient release of NO to result in arteriolar dilation.
On the basis of the aforementioned, we hypothesized that PECAM-1 is involved in the NO-mediation of shear stressinduced dilation of isolated arterioles and also in the ability of the endothelium to sense high temporal gradients of shear stress. Thus, flow/shear stress-induced dilations of isolated skeletal muscle arterioles of PECAM-1 knockout (PECAM-KO) and wild-type (WT) mice were compared.
Methods

Animals
Twelve-week-old male PECAM-KO (nϭ10) and wild-type (WT; nϭ13) mice were used (Jackson Labs, Bar Harbor, Me). Animals were fed standard chow and given tap water freely. Mice were housed in our animal care facility. The Animal Care and Use Committee at New York Medical College approved all protocols.
Isolation of Skeletal Muscle Arterioles
Using microsurgery instruments and an operating microscope, a branch of the gracilis muscle artery (Ϸ0.5 mm in length) running intramuscularly was isolated, cannulated, and pressurized as described previously, 4 using a pressure servo control system (Living Systems Instrumentation). The internal arteriolar diameter at the midpoint of the arteriolar segment was measured by videomicroscopy with a microangiometer (Texas Instruments), and changes in arteriolar diameter and intraluminal pressure were continuously recorded with the Biopac-MP100 system (Biopac Systems Inc).
Experimental Protocols
Flow/Shear Stress-Induced Arteriolar Responses
Arteriolar responses were obtained in response to stepwise increases in intraluminal flow (0 to 12 L/min). In this protocol, each flow rate was maintained for five minutes to allow the vessel to reach a steady state diameter, and then the maximal diameter changes were measured. Changes in diameter of arterioles in response to a 1-step increase in intraluminal flow (from 0 to 12 L/min for 5 minutes) were also measured. Isolated arterioles were then incubated with the NO synthase inhibitor L-NAME (10 Ϫ4 mol/L, for 20 minutes), and flow-induced responses were obtained again.
Agonist-Induced Arteriolar Responses
Changes in arteriolar diameter were measured to cumulative doses of the calcium ionophore, A23187 (10 Ϫ9 to 10 Ϫ7 mol/L). 16 Also, acetylcholine (ACh, 10 Ϫ6 mol/L) and norepinephrine (NE, 10 Ϫ6 mol/L) were used to test the viability of endothelium and smooth muscle of arterioles.
Preparation of Lysates From Mouse Aorta
Mouse aorta were dissected and briefly rinsed in ice-cold PBS. Three hundred microliters of lysis buffer (50 mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1% Triton ϫ100, 60 mmol/L octylglucoside, 2 mmol/L sodium vanadate, and protease inhibitor cocktail from Roche) were added to tissues and homogenized with a Dounce homogenizer. Samples were then incubated on ice for 30 minutes and centrifuged at 14 000g for 20 minutes. Supernatants were collected and protein amounts were determined by BCA protein assay (Pierce) using bovine serum albumin as standard. Equal amount of proteins were separated on SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes. Immunoblot analysis was carried out as described previously. 15 Antibodies used for detection (anti-PECAM-1 IgG, anti-eNOS IgG, anti-caveolin-1 IgG, and anti-Actin IgG) were obtained from Santa Cruz Biotechnology.
Data Analysis
Data are expressed as meansϮSEM. Flow-and agonist-induced arteriolar responses were expressed in absolute values or as changes in arteriolar diameter as a percentage of the maximal diameter, defined as the passive diameter of the vessel at 80 mm Hg intraluminal pressure obtained in Ca 2ϩ -free physiological salt solution (PSS) containing EGTA (ethylene glycol-bis [␤-aminoethylether]-N,N,NЈ,NЈ-tetraacetic acid, 10 Ϫ3 mol/L) and 10 Ϫ4 mol/L sodium nitroprusside (SNP). Wall shear stress (WSS) values were calculated according to the formula: WSSϭ4Q/r 3 , where is the viscosity of the perfusate (0.007 poise at 37°C), Q is the perfusate flow, and r is the vessel radius. Statistical analyses were performed by 1-way analysis of variance for repeated measures (ANOVA) with Dunnett post test and by the Student t test, as appropriate. In certain protocols linear regression analysis was performed using GraphPad Prism version 4.00 for Windows. Slopes of diameter-curves were also calculated and compared with F test. PϽ0.05 was considered statistically significant.
Results
The body weight of WT and PECAM-KO mice was not significantly different. There were no significant differences between active (in the presence of Ca 2ϩ ) and passive (in Ca 2ϩ -free PSS) diameters of skeletal muscle arterioles isolated from the WT and PECAM-KO mice (Table) .
Flow-Induced Arteriolar Responses
Intraluminal flow (from 0 to 12 L/min) was first increased in a stepwise manner, 4 which resulted in corresponding step increases in diameter of both WT and PECAM-KO arterioles as shown by the original traces ( Figure 1A) . The magnitude of step responses and the maximal response of diameter were, however, significantly reduced in arterioles from PECAM-KO mice ( Figure 1A and 1B) . The eNOS inhibitor L-NAME significantly reduced dilations to step increases in flow in arterioles of WT, but it did not affect arteriolar responses of PECAM-KO mice ( Figure 1B ). During the course of these experiments we have observed that in arterioles of WT mice there were rapid increases in diameter at the onset of flow increases, which were absent in arterioles of PECAM-KO mice ( Figure 1A , inset), whereas the later phase of dilations were similar. We hypothesized that the lack of the early phase of the responses is responsible for the reduced overall dilation of PECAM-KO arterioles.
Body Weight, Basal Diameters, and ACh-and NE-Induced Dilations of Isolated Gracilis Muscle Arterioles of Mice
To test this hypothesis, in the next series of experiments flow-induced arteriolar responses were obtained to a 1 large step increase in intraluminal flow (from 0 to 12 L/min). An original record ( Figure 2A ) and summary data ( Figure 2B) show, 1 large step increase in intraluminal flow resulted in substantial dilations of isolated skeletal muscle arterioles from WT mice, which was greatly reduced in arterioles of PECAM-KO mice. The maximal dilation was significantly reduced in arterioles isolated from PECAM-KO mice (WT, 46Ϯ6%; PECAM-KO, 21Ϯ5%). Figure 2C shows changes in calculated wall shear stress as a function of time. In the first couple of seconds wall shear stress suddenly increased when flow was increased from 0 to 12 L/min, indicating that during this time the arterioles were exposed to high temporal gradients of shear stress ( Figure 2C ). In WT arterioles wall shear stress significantly decreased after the onset of flow steps, whereas no significant changes in wall shear stress were observed in arterioles of PECAM-KO mice ( Figure 2C ). The reason for the differences in the changes of shear stress in WT and PECAM-KO arterioles is explained by Figure 2D , in which changes in diameter are depicted. Figure 2D indicates that in vessels of WT mice 2 distinct phases of response could be identified when arterioles were exposed to a rapid increase in flow/shear stress. The slope of the initial phase of the time-diameter curves (up to the first 120 seconds) was found to be 0.378 (R 2 ϭ0.99, PϽ0.001), whereas the slope of the late phase of the time-diameter curves between 120 and 300 seconds was significantly less (slopeϭ0.085, R 2 ϭ0.87, PϽ0.001). In contrast, only a single slope was identified in the responses of arterioles isolated from PECAM-KO mice when they were exposed to a rapid increase in flow/shear stress (slopeϭ0.094, R 2 ϭ0.92; Figure  2D ). There was no significant difference in the slopes of the late phase response of WT and the response of PECAM-KO arterioles ( Figure 2D ). Furthermore, presence of the eNOS inhibitor L-NAME reduced the initial phase of the diametertime curve obtained in arterioles of WT, but not those of PECAM-KO mice ( Figure 2E ).
The Function of Endothelium and Smooth Muscle of PECAM-KO Arterioles
The function of endothelium and smooth muscle in arterioles of WT and PECAM-KO mice was tested with ACh and NE, respectively. ACh elicited dilations with a similar magnitude and time course in arterioles of WT and PECAM-KO mice (Table and Figure 3A) . Also, there was no significant difference in the magnitude of NE-induced arteriolar responses between vessels of the two groups of mice (Table) .
Agonists-Induced Stimulation of eNOS
Cumulative doses of the calcium ionophore A23187 16 elicited substantial dilations of arterioles of WT mice, responses which were not significantly different in arterioles of PECAM-KO mice ( Figure 3B ). To evaluate the role of NO in the mediation of A23187-induced dilation, arterioles were incubated with L-NAME and responses were obtained again. Presence of L-NAME significantly reduced the magnitude of A23187-induced dilations of arterioles of WT and PECAM-KO mice in a similar manner ( Figure 3B ).
Vascular eNOS and Caveolin-1 Content
Western blot analysis for eNOS and caveolin-1 were performed on aortas from both WT (nϭ3) and PECAM-KO mice (nϭ3) ( Figure 3C ). The band intensity from Western blot analysis was quantified by densitometry. The protein quantity of eNOS and caveolin-1 was normalized against the quantity of actin in each sample and is presented as arbitrary units of eNOS/actin and caveolin-1/actin (meansϮSD, nϭ3 in each groups). The eNOS/ actin was 1.24Ϯ0.20 for WT and 1.20Ϯ0.07 for PECAM-KO mice. The caveolin-1/actin was 1.79Ϯ0.12 for WT and 1.84Ϯ0.28 for PECAM-KO mice. Neither eNOS nor caveolin-1 expression level was significantly different between WT and PECAM-KO mice ( Figure 3C ).
Discussion
The principal findings of the present study are that skeletal muscle arterioles of mice with a genetic ablation of PECAM-1 display an impaired dilation in response to rapid increases in intraluminal flow/shear stress. The diminished sensitivity of arterioles of PECAM-KO mice to high temporal gradients of shear stress was primarily attributable to the reduced NO mediation of dilation, whereas activation of eNOS and dilation by the Ca 2ϩ ionophore A23187 were maintained. The total vascular levels of eNOS and caveolae were not different in WT and PECAM-KO mice.
Hemodynamic forces undoubtedly play a significant role in maintaining vascular homeostasis. Many of the biochemical pathways transducing changes in fluid shear stress to changes in diameter have been characterized; however, the nature of the mechanoreceptor(s) that sense and transduce shear stress into a biochemical signal is still unclear. Mechanochemical transduction is proposed to occur when membrane-associated signaling proteins are activated by increases in intramolecular mobility. 17 In light of stress analysis showing that tension is greatest within the cell-cell junctions during the rapid onset of fluid flow, 10 one would expect that structures and/or molecules that are sensitive to fluid shear stress are concentrated at the apex of the apical surface of the cell. 18 Interestingly, PECAM-1 is exclusively localized at the cell-cell apposition site in confluent endothelial cells, and it has long been recognized that direct application of mechanical force results in PECAM-1 tyrosine phosphorylation 19, 20 (for review see Fujiwara et al 21 ) . Thus, in the present study we hypothesized that PECAM-1 is an important molecule in the process, which transforms increases in fluid shear stress to arteriolar dilation. More precisely, we speculated that PECAM-1 is involved specifically in the transduction of the rapid increase in shear stress at the onset of the increase in perfusate flow in intact arterioles.
To test this hypothesis, we have used the PECAM-KO mice that were developmentally indistinguishable from WT controls (Table) . This conclusion is further supported by the findings that both endothelial function and vascular smooth muscle responses to pharmacological perturbations were not significantly different between the 2 groups ( Figure 3A and 3B; Table) .
Flow-induced arteriolar responses were first obtained in response to step increases in shear stress elicited by small steps of perfusate flow increase. At each step the dilations were reduced, and also the maximum response at 12 L/min was significantly less in PECAM-KO arterioles as compared with vessels of WT mice ( Figure 1A and 1B ). We noticed that the reduction of arteriolar dilations of PECAM-KO mice to these step increases in flow/shear stress was primarily attributable to the greatly reduced early phase of the response (Figure 1A, inset) .
To further examine the role of the early phase of the shear stress-induced response, arteriolar responses were also obtained to a large 1-step increase in perfusate flow. A large 1-step increase in flow elicited a significantly reduced dilation in arterioles of PECAM-KO mice (Figure 2A and 2B) . Figure 2C shows that in both groups of vessels the rapid increase in flow elicited high temporal gradients in shear stress ( Figure 2C ). The high temporal gradient of shear stress elicited dilation in WT arterioles, which consequently resulted in a reduction in shear stress. In contrast, in PECAM-KO arterioles there is a limited regulation of wall shear stress ( Figure 2C ). This conclusion is further supported by the findings that in WT mice, 2 distinct phases of diameter response were identified when arterioles were exposed to a rapid increase in shear stress ( Figure 1D ). The single phase seen in the PECAM-KO arteriolar response is similar to the late phase response of WT arterioles, suggesting that the PECAM-KO arterioles lack the mechanotransduction mechanism to respond to high temporal gradients in shear stress, whereas the mechanism required to respond to steady shear stress seems to remain intact.
Collectively, these findings suggest that in intact arterioles PECAM-1 is involved in sensing and transducing high temporal gradients in shear stress to mechanical response, ie, dilation. One can speculate that the PECAM-1 pathwaymediated release of NO may have an important physiological role when blood flow suddenly increases, for example at the beginning of exercise. In this condition, when vessel diameter is still not increased there is a great increase in shear stress as a function of time. High level of wall shear stress increases power dissipation in the circulatory system imposing additional work on the heart. The ability of endothelium to sense sudden increases in shear stress and converting them to dilation, which in a negative feedback manner reduces shear stress, prevents unnecessary energy expenditure in the vascular system 3, 5, 16 ; PECAM-1 seems to be importantly involved in this process. This issue seems to be important because PECAM-1 molecules may have significant relevance to pathologic hemodynamics leading to heart diseases, as human studies have shown that certain single nucleotide polymorphisms in PECAM-1 are linked to an increased risk of coronary artery disease. 22, 23 In cultured endothelial cells we have previously demonstrated that eNOS is complexed with PECAM-1 at the cell-cell junction. 15 Thus, it was logical to hypothesize that ablation of PECAM-1 is associated with a reduced NO release to high temporal gradients of shear stress. Indeed, inhibition of NO synthesis significantly reduced the first phase of dilation in arterioles of WT mice to a rapid increase in flow/shear stress, whereas it did not affect that of arterioles of PECAM-KO mice (Figure 2E ). To evaluate the function of eNOS in arterioles of PECAM-KO mice, independent of wall shear stress, responses were also obtained to the calcium ionophore A23187, which is known to activate eNOS by elevation of intracellular Ca 2ϩ . We have found that A23187 elicited dilation of arterioles from both groups of animals with the same magnitude ( Figure 3B ). Also, inhibition of NO synthesis reduced A23187-induced dilations both in arterioles of PECAM-KO and WT mice, suggesting that Ca 2ϩdependent activation of eNOS and consequent NO release remained intact in PECAM-KO mice.
Altogether, these findings indicate a specific lack of NO release in response to high temporal gradients of shear stress that is responsible for the reduced dilation of arterioles of PECAM-KO mice. On the basis of previous studies one can envision that PECAM-1 may represent a scaffold that localizes signaling molecules to a subcellular site that is subject to the highest tension and tension rates when steps in shear stress are applied. PECAM-1 acts as a scaffold for a number of signaling molecules, such as SH2-containing protein phosphatase, PI3-kinase, ␤-catenin, and phospholipase C-␥ (see reference 24 for review). It has been recently demonstrated that PECAM-1 is a scaffold for eNOS and its binding leads to modulation of eNOS activity, 15 and that there is a complex time-dependent interaction between PECAM-1 and tyrosine kinases. 19, 20 The physiological relevance of the PECAM-1-eNOS association is further strengthened by the finding that the eNOS pool localized to the cell-cell junction is enriched 2.5-fold over eNOS pools within the caveolae. 25 Interestingly, caveolae, as another possible shear stress-sensing element on the endothelial plasma membrane, have received considerable interest recently. 26 -28 Coimmunoprecipitation and domainmapping studies have demonstrated a direct interaction of eNOS with caveolin-1, which in part regulates eNOS activity. 29 -31 In endothelial cells, chronic exposure to steady values of shear stress has been shown to increase both caveolin and eNOS expression leading to enhanced mechanosensitivity to subsequent step changes in hemodynamic forces. 28 Although we cannot directly ascertain the role of caveolae in our experimental design, endothelial caveolin and eNOS content were not different in WT and PECAM-KO mice ( Figure 3C ). Given that eNOS localization to the cell-cell junction has also been shown to regulate enzyme activity, 14 our findings do not support a role for caveolae in the transduction of high temporal gradients in shear stress. We speculate, however, that because the latter phase of shear-induced dilation was similar in arterioles of WT and PECAM-KO mice ( Figure  2C ), caveolae could still play a role in the transduction of steady values of shear stress.
In conclusion, this study is the first to demonstrate that skeletal muscle arterioles of mice with a genetic ablation of PECAM-1 have impaired NO-mediated dilations to high temporal gradients of wall shear stress. Thus, PECAM-1 seems to play an important role in the ability of the endothelium to sense high temporal gradients of shear stress, which is then coupled with NO-mediated vasodilation.
